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Abstract: We present the leading-twist quark transverse momentum-dependent
parton distribution functions (TMDs) for the spin-1 target, such as the ρ-meson, in
the light-front framework. Specifically, we predict the TMDs in the light-front holo-
graphic model and compare with the light-front quark model predictions. We obtain
the TMDs using the overlap of the light-front wave functions. We evaluate the k⊥
moments upto second order and compare with the available theoretical predictions.
Further, we analyze the leading-twist parton distribution functions (PDFs) of the ρ-
meson in the light-front holographic model which are found to be in accord with the
Nambu-Jona-Lasinio (NJL) model and the light-front quark model predictions. The
positivity bounds on the TMDs and the PDFs are also discussed. We also present
the quark spin densities in the transverse momentum plane for different polarization
configurations of the quark and the ρ-meson target.
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1 Introduction
Different aspects of hadron structure are described by the various partonic distribu-
tions. At partonic level, one of the most intimated function to reveal the structure of
hadron is the parton distribution function (PDF) [1–4]. Being function of longitudi-
nal momentum fraction (x) only, the PDFs do not provide any knowledge about the
spatial location and the transverse motion of partons inside the hadron. However,
the modern distributions, i.e. the generalized parton distributions (GPDs) [5–7] and
the transverse momentum-dependent parton distributions (TMDs) [8–11], have been
widely investigated in both experimentally and theoretically to perceive the com-
bined hadronic structural information. The modern tomography is able to explain
the three-dimensional structural information of the hadron. Basically, the three-
dimensional TMDs are the extended version of collinear PDFs, predicting the infor-
mation of the hadronic consituents within the transverse momentum space. These
distributions also help to gain the knowledge about the correlation between spins
of the hadron and the parton. The bunch of hidden information inside the hadron
can be retrieved with the selection of high energy scattering processes. The compli-
mentary method to acquire the TMDs are Drell-Yan processes [12–16] and Z0/W±
– 1 –
production [17–19]. The conventionally used process for measuring TMDs is semi-
inclusive deep inelastic scattering (SIDIS) [20–22].
Our aim of this paper is to predict the holographic quark distributions of ρ-
meson in the momentum space using the light-front (LF) dynamics. By illustrating
the relativistic importance, the light-front dynamics having remarkable accomplish-
ments provide a suitable framework to study the hadron structure [23–25]. To study
the leading twist ρ-meson TMDs, we take the minimal Fock-state expansion into
account, i.e. |M〉 = ∑ |qq¯〉ψqq¯. In the case of ρ-meson, there are total nine T-even
TMDs at leading twist. These functions arise from the different matrix elements
emerging from the bilocal operator. However, three TMDs are special distributions
for ρ-meson: f1LL(x,k
2
⊥), f1LT (x,k
2
⊥),and f1TT (x,k
2
⊥), which are absent for spin-0/
1
2
targets. The variables x and k⊥ are the longitudinal momentum fraction and trans-
verse momentum carried by the active quark. By applying certain integrations on
TMDs, one can get the four collinear PDFs in ρ-meson. In other words, if we do
not consider any perturbative effects, spin-1 hadron can produce four PDFs, one of
which is tensor-polarized corresponding to the unpolarized quark.
The tensor polarized PDF b1(x) being sensitive to the parton’s orbital angular
momentum is of great importance theoretically as well as experimentally [26–34].
The utmost existing experimental data of structure function b1 is available for the
deutron state, formed by the two weakly bounded spin-1/2 hadrons, only [35]. On
the other hand, experimental data is not yet available for the ρ-meson, whereas on
the theoretical front, the PDF b1(x) has been studied using simple relativistic model
in Ref. [36]. A detailed investigation on ρ-meson TMDs has been done in Nambu-
Jona–Lasinio (NJL) model focusing on the covariant approach [37]. An important
discussion on deep inelastic inclusive processes for spin-1, such as ρ-meson, has been
reported in Ref. [38]. Furthermore, the distributions containing the quark transverse
momentum and the corresponding fragmentation functions have been explained in
Ref. [39]. Hino and Kumano discussed the polarized Drell-Yan processes to study
the structure functions of spin-1 hadrons [40, 41].
The LF holographic model for the ρ-meson [42] is widely implemented to success-
fully study the various decays [43, 44]. It is interesting to extend the investigation to
study the leading twist quark TMDs in ρ-meson using this model. Also, it would be
interesting to compare the TMDs obtained in the LF holographic model with one of
another successful model, the LF quark model [45, 46]. The overlap representation
of light-front wave functions (LFWFs) approach is used to reveal the quark TMDs
of ρ-meson in both the models. On account of the light-front helicities of partons
inside the hadron, this approach allows us to retrieve the understanding of encoded
spin-spin and spin-orbit correlations in the TMDs explicitly [47].
The work is arranged as follows. In section 2, the essential details on basic
formalism of the LF holographic model are presented. Section 3 contains the general
relations between the various leading twist spin-1 hadron TMDs and the correlation
– 2 –
functions. We evaluate the T-even TMDs in terms of the overlaps of the LFWFs via
different light-front amplitudes and discuss the numerical results and their positivity
constrains in this section. In section 4, we provide the detailed study of the PDFs of
ρ-meson. The spin densities generated from the different polarization configurations
of the quark and the ρ-meson are explained in section 5. The summary is given in
section 6. The details about the general formalism of LF quark model and explicit
expressions of the TMDs are presented in Appendix A. The required description of
density matrix of spin-1 is given in Appendix B.
2 Light-front holographic ρ-meson wave functions
Let us begin with the holographic Schro¨dinger equation, which is derived in the
semiclassical approximation to QCD in the light-front and is assured by the dynam-
ical part of the holographic wave function. The holographic Schro¨dinger equation is
derived as: (
− d
2
dζ2
− 1− 4L
2
4ζ2
+ Ueff(ζ)
)
Φ(ζ) = M2Φ(ζ), (2.1)
with ζ2 = x(1−x)b2⊥, where b⊥ defines the transverse separation of quark and anti-
quark in the hadron. For deriving Eq. (2.1), it is assumed that there is neither any
quark mass nor any quantum loop [48–51]. Eq. (2.1) specifies the wave equation of
spin-J string modes which propagate in the anti-de Sitter (AdS5) spacetime, provided
ζ maps onto the fifth dimension z of the AdS spacetime, where (2−J)2 = L2−(µR)2.
R and µ denote the radius of curvature of AdS5 and the 5-d mass of the string modes,
respectively [50]. The dilation field ϕ(z), which distorts the pure AdS5 geometry, is
used to derive the confining potential U(ζ). Introducing ζ ↔ z, one has
Ueff(ζ, J) =
1
2
ϕ′′(ζ) +
1
4
ϕ′(ζ)2 +
2J − 3
2ζ
ϕ′(ζ). (2.2)
The choice of dilation field conditions the underlying action leading to the holo-
graphic Schro¨dinger equation, Eq. (2.1), being conformally invariant. The quadratic
confinement potential has tendency to do so, U(ζ) = κ4ζ2 [52], which requires the
choice of dilation field to be ϕ = κ2z2. Therefore, from Eq. (2.2):
Ueff = κ
4ζ2 + 2κ2(J − 1), (2.3)
where κ is known as the mass scale parameter, which determines the strength of the
dilation field in AdS spacetime. The value of κ = 523±24 MeV, which is fixed by the
fit to the Regge trajectories of light mesons [53]. Solving Eq. (2.1) by substituting
the confining potential, one can get the eigenvalue as the meson mass spectra:
M2n,L,S = 4κ
2
(
n+ L+
S
2
)
, (2.4)
– 3 –
and
ΦnL(ζ) = κ
1+L
√
2n!
(n+ L)!
ζ1/2+L exp
(
−κ
2ζ2
2
)
LLn(κ
2ζ2), (2.5)
as the dynamical part of the holographic wave function.
The complete holographic wave function is written as [42, 50]:
ψ(x, ζ, θ) = eιLθX(x)
Φ(ζ)√
2piζ
, (2.6)
where X(x) corresponds to the longitudinal part of the wave function, which is fixed
by mapping the spacelike electromagnetic form factor calculated in AdS/QCD [54]
and the light-front formalism [55, 56]. In AdS5, the form factor is evaluated by
an overlap integral of the incoming and outgoing hadronic modes convoluted with
the bulk-to-boundary propagator which maps onto the free electromagnetic current
in physical spacetime. In physical spacetime, the form factor is expressed by the
integral overlap of the meson LFWFs. This matching procedure yields X(x) =√
x(1− x) [50]. Meanwhile, mapping of the gravitational form factor in the AdS5
and the physical spacetime also provides an identical result [54]. The ground state
holographic wave function is then expressed in the transverse impact-parameter space
as:
Φ(x, ζ2) =
κ√
pi
√
x(1− x) exp
(−κ2ζ2
2
)
, (2.7)
and in the transverse momentum space as:
Φ(x,k2⊥) ∝
1√
x(1− x) exp
(
−M
2
2κ2
)
, (2.8)
where the invariant mass of the quark-antiquark pair is determined byM2 = k2⊥/{x(1−
x)}. The Fourier transform of the transverse separation between quark and antiquark
b⊥ leads to provide the quark transverse momentum k⊥. The above equation of the
holographic wave function is true for the massless quarks. To include the non-zero
quark masses, the invariant mass M must be replaced by Mff¯ ′ [50, 57], which is
defined asMff¯ ′ = {k2⊥ + (1− x)m2f + xm2f¯ ′}/{x(1− x)}, where mf and mf¯ ′ are the
masses of quark and antiquark of flavor f and f¯ ′, respectively. Now, the holographic
wave function is expressed as:
ψ(x,k2⊥) ∝
1√
x(1− x) exp
(
− k
2
⊥
2κ2x(1− x)
)
exp
(
−
(1− x)m2f + xm2f¯ ′
2κ2x(1− x)
)
. (2.9)
Since, we are dealing with the ρ-meson in this work, which follows: mf = mf¯ ′ =
mq, where mq represents the mass of the light quarks (u and d). Therefore, the
– 4 –
holographic wave function becomes:
ψ(x,k2⊥) ∝
1√
x(1− x) exp
(
− k
2
⊥ +m
2
q
2κ2x(1− x)
)
. (2.10)
Till now, the helicities of the quark and the antiquark are not included. To take
these into account, one can express the wave functions as [58]:
ΨΛhq ,hq¯(x,k⊥) = χ
Λ
hq ,hq¯ψ(x,k
2
⊥) , (2.11)
with Λ as the spin projection of the ρ-meson, and
χLhq ,hq¯ =
1√
2
δhq ,−hq¯ ; χ
T (±)
hq ,hq¯
=
1√
2
δhq±,hq¯±. (2.12)
Here, hq(hq¯) are defined as the quark (antiquark) helicity. The spin structures in
Eq. (2.12) correspond to a nondynamical spin wavefunction. Note that since the
holographic wave function defined in Eq. (2.9) does not depend on the spin, there is
no distinction between the light pseudoscalar and the light vector mesons. Thus, with
a universal AdS/QCD scale, this would yield the degenerate decay constants for the
pseudoscalar and the vector mesons, in contradiction with the experiment [59]. On
the other hand, this would also lead to the same decay constants for the longitudinally
and transversely polarized vector mesons, in contradiction with lattice QCD [60, 61].
The mentioned shortcomings can be addressed by taking the dynamical spin effects
into account. Considering dynamical spin effects, the vector meson wave functions
can then be written as [42, 58]:
ΨΛhq ,hq¯(x,k⊥) = χ
Λ
hq ,hq¯(x,k⊥)ψ(x,k
2
⊥), (2.13)
where the Lorentz invariant spin structure for the vector meson is expressed by
accounting the photon-quark-antiquark vertex:
χ
L(T )
hq ,hq¯
(x,k⊥) =
u¯hq(k
+,k⊥)√
x
Λ · γ
vhq¯(k
′+,k′⊥)√
1− x , (2.14)
where k and k′ denote the 4-momenta of the quark and the antiquark respectively.
The longitudinal momentum fraction carried by the quark and the antiquark are
defined as x = k
+
P+
and (1− x) = k′+
P+
, respectively. The polarizations vectors, Λ, for
the longitudinally polarized and the transversely polarized ρ-meson are given by
L =
(
P+
Mρ
,−Mρ
P+
, 0, 0
)
; ±T = ∓
1√
2
(0, 0, 1,±ι) . (2.15)
This leads to the spin improved LFWFs for the longitudinally polarized ρ-meson as
[42, 58]:
ΨLhq ,hq¯(x,k⊥) = NL δhq ,−hq¯
(
M2ρx(1− x) +m2q + k2⊥
) ψ(x,k2⊥)
x(1− x) , (2.16)
– 5 –
and for the transversely polarized ρ-meson as:
Ψ
T (+)
hq ,hq¯
(x,k⊥) = NT
(
k⊥eιθk⊥ (xδhq+,hq¯− − (1− x)δhq−,hq¯+)
+mqδhq+,hq¯+
) ψ(x,k2⊥)
x(1− x) , (2.17)
Ψ
T (−)
hq ,hq¯
(x,k⊥) = NT
(
k⊥e−ιθk⊥ ((1− x)δhq+,hq¯− − xδhq−,hq¯+)
+mqδhq−,hq¯−
) ψ(x,k2⊥)
x(1− x) , (2.18)
where the normalization constants NL(T ) are determined by∑
hq ,hq¯
∫
dx d2k⊥
2(2pi)3
|ΨΛhq ,hq¯(x,k⊥)|2 = 1, (2.19)
depending upon the polarization of the ρ-meson.
3 Transverse momentum-dependent parton distributions
The quark TMDs of the hadron are defined through the transverse momentum-
dependent quark correlation function. For the spin-1 target having k⊥ as its active
constituent transverse momentum, the quark correlator function is given by [14, 37–
39, 41, 62, 63]
Θ
(Λ)S
ij (x,k⊥) =
∫
dz− d2z⊥
(2pi)3
eιk·z S〈P,Λ|ϑ¯j(0)L†(0,0⊥|n)L(z−, z⊥|n)ϑi(z−, z⊥)|P,Λ〉S ,
≡ ∗Λ(µ)(P ) Θµνij (x,k⊥) Λ(ν)(P ), (3.1)
with the gauge link L, defined as [62, 63]:
L(z−, z⊥|n) = P exp
(
−ιg
∫ n·∞
z−
dη− · A+(η−, z⊥)
)
×P exp
(
−ιg
∫ ∞
z⊥
dη⊥ ·A⊥(z− = n · ∞, η⊥)
)
. (3.2)
The gauge link L guarantees the gauge invariance of the non-local operator in Eq.
(3.1). For simplicity, in this work, we assume the gauge link to be unity, which leads
us to determine the T-even TMDs only. In Eq. (3.1), the state |P,Λ〉S indicates
that the projection of the target’s spin on the direction S is equal to Λ = ±1, 0.
ϑ represents the flavor SU(2) quark field operator. The quark correlation matrix is
expressed as the contraction of the polarization-independent Lorentz tensor matrix
– 6 –
Θµνij with the polarization 4-vector µ(ν). We define the kinematical variables of the
target’s state in light-front frame as
P =
(
P+, P−,P⊥
)
=
(
P+,
M2ρ
P+
,0⊥
)
. (3.3)
At the leading-twist, there are nine T-even TMDs for the ρ-meson, which are
related to the quark-quark correlators depending on the different spin projections
Λ = 0,±1 and, the longitudinal and transverse polarizations of the target as:
〈γ+〉(Λ)S (x,k⊥) = f1(x,k2⊥) + SLL f1LL(x,k2⊥)
+
SLT · k⊥
Mρ
f1LT (x,k
2
⊥) +
k⊥ · STT · k⊥
M2ρ
f1TT (x,k
2
⊥) , (3.4)
〈γ+γ5〉(Λ)S (x,k⊥) = SL g1L(x,k2⊥) +
k⊥ · S⊥
Mρ
g1T (x,k
2
⊥) , (3.5)
〈γ+γiγ5〉(Λ)S (x,k⊥) = S i⊥h1(x,k2⊥) + SL
ki⊥
Mρ
h⊥1L(x,k
2
⊥)
+
1
2M2ρ
(
2 ki⊥k⊥ · S⊥ − S i⊥ k2⊥
)
h⊥1T (x,k
2
⊥) , (3.6)
The correlations in Eqs. (3.4)-(3.6) are defined by
〈Γ〉(Λ)S (x,k⊥) =
1
2
TrD
(
ΓΘ(Λ)S (x,k⊥)
) ≡ ∗Λ(µ)(P ) 〈Γ〉µν(x,k⊥) Λ(ν)(P ) (3.7)
where the Dirac matrices Γ are γ+, γ+γ5 or γ
+γiγ5 with i = 1, 2, and we introduce
the following quantities with implicit S and Λ dependence:
SLL =
(
3Λ2 − 2)(1
6
− 1
2
S2L
)
, (3.8)
S iLT =
(
3Λ2 − 2)SLS i⊥, (3.9)
S ijTT =
(
3Λ2 − 2) (S i⊥Sj⊥ − 12S2⊥ δij) . (3.10)
Here, S i(j)⊥ symbolizes the transverse polarization of the target meson in the directions
i(j) = x or y, while SL is the longitudinal polarization of the target. The correlator
equates the respective spin-1 meson TMDs corresponding to the unpolarized quark,
the longitudinally polarized quark and the transversely polarized quark identified
with the several alphabets f , g and h. The subscript 1 in the various TMDs refers
to the twist-2 or leading-twist and L(T ) connects the spin polarization of the target
viz. longitudinal (transverse). We emphasize that for ρ-meson to be longitudinally
polarized means |SL| = 1 and |S⊥| = 0, which corresponds to the spin projections
Λ = 0,±1 parallel to the direction of quark momentum. However, when the ρ-meson
is transversely polarized, the condition converses, i.e. |SL| = 0 and |S⊥| = 1, which
describes the spin projections Λ = 0,±1 perpendicular to the direction of the quark
momentum.
– 7 –
3.1 Overlap formalism
An equivalent way to derive the TMDs explicitly is to represent the correlator in the
basis where one considers the light-front helicities of both, the target and the active
parton [47]. The light-front helicity amplitudes with hq(h
′
q) and Λ(Λ
′), which define
the initial(final) state helicities of the active quark and the target, respectively, can
be expressed as:
Ah′qΛ′,hqΛ(x,k⊥) =
1
(2pi)3
∑
hq¯
ΨΛ
′∗
h′q ,hq¯(x,k⊥) Ψ
Λ
hq ,hq¯(x,k⊥) , (3.11)
where ΨΛhq ,hq¯ are the light-front wave functions. By symmetry, we choose the row
entries as (h′q Λ
′) = (+ +), (+ 0), (+−), (−+), (− 0), (−−), and the column entries
as (hq Λ) = (+ +), (+ 0), (+−), (−+), (− 0), (−−). We can therefore express the
light-front helicity amplitude matrix for spin-1 hadron as:
Φ =

A++,++ A++,+0 A++,+− A++,−+ A++,−0 A++,−−
A+0,++ A+0,+0 A+0,+− A+0,−+ A+0,−0 A+0,−−
A+−,++ A+−,+0 A+−,+− A+−,−+ A+−,−0 A+−,−−
A−+,++ A−+,+0 A−+,+− A−+,−+ A−+,−0 A−+,−−
A−0,++ A−0,+0 A−0,+− A−0,−+ A−0,−0 A−0,−−
A−−,++ A−−,+0 A−−,+− A−−,−+ A−−,−0 A−−,−−

. (3.12)
The light-front helicity amplitudes can be parametrized by the following combina-
tions of ρ-meson TMDs [37]:
Φ =

f+ kL√
2Mρ
g
(+)
1T
k2L
M2ρ
f1TT
kR
Mρ
h⊥1L
√
2h1 0
kR√
2Mρ
g
(+)
1T f
0 kL√
2Mρ
g
(−)
1T
k2R√
2M2ρ
h⊥1T 0
√
2h1
k2R
M2ρ
f1TT
kR√
2Mρ
g
(−)
1T f
− 0 k
2
R√
2M2ρ
h⊥1T − kRMρh⊥1L
kL
Mρ
h⊥1L
k2L√
2M2ρ
h⊥1T 0 f
− − kL√
2Mρ
g
(−)
1T
k2L
M2ρ
f1TT
√
2h1 0
k2L√
2M2ρ
h⊥1T − kR√2Mρ g
(−)
1T f
0 − kL√
2Mρ
g
(+)
1T
0
√
2h1 − kLMρh⊥1L
k2R
M2ρ
f1TT − kR√2Mρ g
(+)
1T f
+

,(3.13)
– 8 –
where
f+ = f1 − 1
3
f1LL + g1L, (3.14)
f 0 = f1 +
2
3
f1LL, (3.15)
f− = f1 − 1
3
f1LL − g1L, (3.16)
g
(±)
1T = g1T ± f1LT , (3.17)
and
kR(L) = kx ± ιky. (3.18)
By comparing the two matrices given in Eqs. (3.12) and (3.13), we obtain the ρ-meson
TMDs in terms of the overlaps of the LFWFs as:
f1(x,k
2
⊥) =
1
6(2pi)3
∑
hq ,hq¯
(
|Ψ0hq ,hq¯(x,k⊥)|2
+|Ψ+1hq ,hq¯(x,k⊥)|2 + |Ψ−1hq ,hq¯(x,k⊥)|2
)
, (3.19)
g1L(x,k
2
⊥) =
1
4(2pi)3
∑
hq¯
(
|Ψ+1+,hq¯(x,k⊥)|2 − |Ψ+1−,hq¯(x,k⊥)|2
−|Ψ−1+,hq¯(x,k⊥)|2 + |Ψ−1−,hq¯(x,k⊥)|2
)
, (3.20)
g1T (x,k
2
⊥) =
Mρ
4
√
2 (2pi)3k2⊥
∑
hq¯
(
kR
(
Ψ+1
∗
+,hq¯
(x,k⊥) Ψ0+,hq¯(x,k⊥)
−Ψ+1∗−,hq¯(x,k⊥) Ψ0−,hq¯(x,k⊥) + Ψ0
∗
+,hq¯(x,k⊥) Ψ
−1
+,hq¯
(x,k⊥)
−Ψ0∗−,hq¯(x,k⊥) Ψ−1−,hq¯(x,k⊥)
)
+ kL
(
Ψ0
∗
+,hq¯(x,k⊥) Ψ
+1
+,hq¯
(x,k⊥)
−Ψ0∗−,hq¯(x,k⊥) Ψ+1−,hq¯(x,k⊥) + Ψ−1
∗
+,hq¯
(x,k⊥) Ψ0+,hq¯(x,k⊥)
−Ψ−1∗−,hq¯(x,k⊥) Ψ0−,hq¯(x,k⊥)
))
, (3.21)
h1(x,k
2
⊥) =
1
4
√
2(2pi)3
∑
hq¯
(
Ψ+1
∗
+,hq¯
(x,k⊥) Ψ0−,hq¯(x,k⊥)
+Ψ0
∗
−,hq¯(x,k⊥) Ψ
+1
+,hq¯
(x,k⊥) + Ψ0
∗
+,hq¯(x,k⊥) Ψ
−1
−,hq¯(x,k⊥)
+Ψ−1
∗
−,hq¯(x,k⊥) Ψ
0
+,hq¯(x,k⊥)
)
, (3.22)
– 9 –
h⊥1L(x,k
2
⊥) =
Mρ
4(2pi)3k2⊥
∑
hq¯
(
kR
(
Ψ+1
∗
−,hq¯(x,k⊥) Ψ
+1
+,hq¯
(x,k⊥)
−Ψ−1∗−,hq¯(x,k⊥) Ψ−1+,hq¯(x,k⊥)
)
+ kL
(
Ψ+1
∗
+,hq¯
(x,k⊥) Ψ+1−,hq¯(x,k⊥)
−Ψ−1∗+,hq¯(x,k⊥) Ψ−1−,hq¯(x,k⊥)
))
, (3.23)
h⊥1T (x,k
2
⊥) =
M2ρ
2
√
2(2pi)3
1
k4⊥
∑
hq¯
(
k2R
(
Ψ+1
∗
−,hq¯(x,k⊥) Ψ
0
+,hq¯(x,k⊥)
+Ψ0
∗
−,hq¯(x,k⊥) Ψ
−1
+,hq¯
(x,k⊥)
)
+ k2L
(
Ψ0
∗
+,hq¯(x,k⊥) Ψ
+1
−,hq¯(x,k⊥)
+Ψ−1
∗
+,hq¯
(x,k⊥) Ψ0−,hq¯(x,k⊥)
))
, (3.24)
f1LL(x,k
2
⊥) =
1
2(2pi)3
∑
hq ,hq¯
(
|Ψ0hq ,hq¯(x,k⊥)|2
−1
2
(
|Ψ+1hq ,hq¯(x,k⊥)|2 + |Ψ−1hq ,hq¯(x,k⊥)|2
))
, (3.25)
f1LT (x,k
2
⊥) =
Mρ
4
√
2(2pi)3k2⊥
∑
hq¯
(
kR
(
Ψ+1
∗
+,hq¯
(x,k⊥) Ψ0+,hq¯(x,k⊥)
+Ψ+1
∗
−,hq¯(x,k⊥) Ψ
0
−,hq¯(x,k⊥)−Ψ0
∗
+,hq¯(x,k⊥) Ψ
−1
+,hq¯
(x,k⊥)
−Ψ0∗−,hq¯(x,k⊥) Ψ−1−,hq¯(x,k⊥)
)
+ kL
(
Ψ0
∗
+,hq¯(x,k⊥) Ψ
+1
+,hq¯
(x,k⊥)
+Ψ0
∗
−,hq¯(x,k⊥) Ψ
+1
−,hq¯(x,k⊥)−Ψ−1
∗
+,hq¯
(x,k⊥) Ψ0+,hq¯(x,k⊥)
−Ψ−1∗−,hq¯(x,k⊥) Ψ0−,hq¯(x,k⊥)
))
, (3.26)
f1TT (x,k
2
⊥) =
M2ρ
4(2pi)3k4⊥
∑
hq¯
(
k2R
(
Ψ+1
∗
+,hq¯
(x,k⊥) Ψ−1+,hq¯(x,k⊥)
+Ψ+1
∗
−,hq¯(x,k⊥) Ψ
−1
−,hq¯(x,k⊥)
)
+ k2L
(
Ψ−1
∗
+,hq¯
(x,k⊥) Ψ+1+,hq¯(x,k⊥)
+Ψ−1
∗
−,hq¯(x,k⊥) Ψ
+1
−,hq¯(x,k⊥)
))
. (3.27)
Using the holographic LFWFs, Eqs. (2.16)-(2.18), in the overlap representations,
Eqs. (3.19)-(3.27), we extract the explicit expressions for the leading-twist T-even
TMDs for the ρ-meson in the LF holographic model as:
f1(x,k
2
⊥) =
1
3(2pi)3
(
N 2L
(
M2ρ x(1− x) +m2q + k2⊥
)2 |ψ(x,k2⊥)|2
x2(1− x)2
+ N 2T
(
m2q + k
2
⊥
(
2x2 − 2x+ 1)) |ψ(x,k2⊥)|2
x2(1− x)2
)
, (3.28)
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g1L(x,k
2
⊥) =
N 2T
2(2pi)3
(
m2q + k
2
⊥ (2x− 1)
) |ψ(x,k2⊥)|2
x2(1− x)2 , (3.29)
g1T (x,k
2
⊥) = NLNT
Mρ√
2(2pi)3
(
M2ρ x(1− x) +m2q + k2⊥
) |ψ(x,k2⊥)|2
x2(1− x)2 ,
(3.30)
h1(x,k
2
⊥) = NLNT
mq√
2(2pi)3
(
M2ρ x(1− x) +m2q + k2⊥
) |ψ(x,k2⊥)|2
x2(1− x)2 ,
(3.31)
h⊥1L(x,k
2
⊥) = −N 2T
mqMρ
(2pi)3
|ψ(x,k2⊥)|2
x2(1− x) , (3.32)
h⊥1T (x,k
2
⊥) = 0 , (3.33)
f1LL(x,k
2
⊥) =
1
(2pi)3
(
N 2L
(
M2ρ x(1− x) +m2q + k2⊥
)2 |ψ(x,k2⊥)|2
x2(1− x)2
−N 2T
(
m2q + k
2
⊥
(
2x2 − 2x+ 1)) |ψ(x,k2⊥)|2
2x2(1− x)2
)
, (3.34)
f1LT (x,k
2
⊥) = NLNT
Mρ√
2(2pi)3
(2x− 1) (M2ρ x(1− x) +m2q + k2⊥)
×|ψ(x,k
2
⊥)|2
x2(1− x)2 , (3.35)
f1TT (x,k
2
⊥) = N 2T
M2ρ
(2pi)3
|ψ(x,k2⊥)|2
x(1− x) , (3.36)
where ψ(x,k2⊥) is given in Eq. (2.10). Meanwhile, all the T-even TMDs in the LF
quark model are evaluated in Appendix A.
The LFWFs satisfy the angular momentum conservation projected along z-axis,
i.e. Jz =
∑n
i=1 s
i
z +
∑n−1
j=1 L
j
z, where n = 2 in this particular case. The intrinsic
spin contribution is denoted by s1z + s
2
z, while the relative orbital angular momentum
(OAM) is Lz for each configuration of LFWF. Here, s
1
z and s
2
z represent hq and hq¯,
respectively and Lz = Λ− (hq +hq¯). For the ρ-meson, the different configurations of
the LFWFs with the OAMs Lz = 0,±1 and ±2, which correspond to the S, P and
D wave compositions respectively, are listed in Table 1.
We observe that f1, g1L, h1 and f1LL are all diagonal in OAM in the overlap
representation. In other words, there is zero OAM transfer from the initial to the
final state of the hadron. Meanwhile, the overlap configurations of the other TMDs
show interference between several wave compositions, which may refer to the non-zero
OAM transfer from the initial to the final state of the ρ-meson.
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OAM Lz Configurations: |Λ〉 → |hq + hq¯〉
−2 |−1〉 → ∣∣+ 1
2
+ 1
2
〉
−1 |0〉 → ∣∣+ 1
2
+ 1
2
〉 |−1〉 → ∣∣+ 1
2
− 1
2
〉 |−1〉 → ∣∣− 1
2
+ 1
2
〉
0 |+1〉 → ∣∣+ 1
2
+ 1
2
〉 |0〉 → ∣∣+ 1
2
− 1
2
〉 |0〉 → ∣∣− 1
2
+ 1
2
〉 |−1〉 → ∣∣− 1
2
− 1
2
〉
+1 |+1〉 → ∣∣+ 1
2
− 1
2
〉 |+1〉 → ∣∣− 1
2
+ 1
2
〉 |0〉 → ∣∣− 1
2
− 1
2
〉
+2 |+1〉 → ∣∣− 1
2
− 1
2
〉
Table 1. The possible orbital angular momentum Lz contributions for ρ-meson light-front
wave functions based on the different configurations of spin projections of valence quarks
hq, hq¯ and hadron spin Λ.
3.2 Numerical results
For the numerical predictions of the ρ-meson TMDs, we use the quark mass, mu/d =
0.33 GeV and the universal AdS/QCD scale, κ = 0.523 GeV as in Ref. [58, 64, 65].
In Figs. 1, 2, and 3, we illustrate the ρ-meson TMDs in the LF holographic model
and compare with the LF quark model predictions. On the left panels of these fig-
ures, the TMDs are shown as a function of x when k⊥ is fixed, whereas, we show the
TMDs as a function of k2⊥ for fixed values of x on the right panels. In Fig. 1, we
present the unpolarized quark TMD, f1(x,k
2
⊥), as well as the longitudinally polar-
ized quark TMDs: g1L(x,k
2
⊥) and g1T (x,k
2
⊥), while the transversely polarized quark
TMDs: h1(x,k
2
⊥), h
⊥
1L(x,k
2
⊥), and h
⊥
1T (x,k
2
⊥) are displayed in Fig. 2. The qualitative
behaviors of the TMDs f1, g1L, and g1T in the LF holographic model are found to
be consistent with the LF quark model. We also observe the similar trend followed
by the TMDs h1 and h
⊥
1L. However, we find that h
⊥
1T is zero in the LF holographic
model but it is nonzero in the LF quark model. Note that h⊥1T has also been found
to be zero in the NJL model [37]. The TMDs f1, g1T and h1 describe the momentum
distributions of the unpolarized quark in the unpolarized meson, the longitudinally
polarized quark in the transversely polarized meson, and the transversely polarized
quark in the transversely polarized meson, respectively. It can be noticed that the
TMDs f1, g1T (known as “worm gear 2” distribution) and h1 (known as transversity
distribution) exhibit symmetry under x ↔ (1 − x) in the LF holographic model.
Similar behavior of these TMDs have been observed in the NJL model [37]. How-
ever, in the LF quark model, only f1 is symmetric under the transformation. The
TMDs, which describe the momentum distributions of the longitudinally polarized
quark and the transversely polarized quark in the longitudinally polarized meson, are
defined as: the helicity TMD g1L, and the “worm gear 1” h
⊥
1L, respectively. Unlike f1,
g1T and h1, the longitudinally polarized meson TMDs, g1L and h
⊥
1L, are asymmetric
– 12 –
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Figure 1. (Color online) The unpolarized TMD f1(x,k
2
⊥) and the longitudinally polarized
quark TMDs g1L(x,k
2
⊥) and g1T (x,k
2
⊥) with respect to x at different value of k
2
⊥ (left
panel), i.e., k2⊥ = 0.1 GeV
2 (solid curves) and k2⊥ = 0.2 GeV
2 (dashed curves). On the
right panel, these TMDs are shown with respect to k2⊥ at different values of x, i.e., x = 0.3
(solid curves) and x = 0.6 (dashed curves). The blue and red curves correspond to the
light-front holographic model and the light-front quark model predictions, respectively.
under x ↔ (1 − x) and h⊥1L displays a negative distribution. It can be seen from
Fig. 2(c) that it needs less than half of the momentum fraction to be carried by
the transversely polarized quark to get the distribution peak. The pretzelosity TMD
h⊥1T describes the momentum distribution when both the quark and the ρ-meson are
transversely polarized and also, their polarizations are perpendicular to each other.
Therefore, h⊥1T has different overlap contributions from h1. However, due to the dif-
ferent spin structures, h⊥1T is unfaded in the LF quark model and found to be negative
and asymmetrical with respect to x, shown in lower panel of Fig. 2. Neverthless,
the different responses are observed in the LF quark model: (i) the lesser number of
TMDs show symmetry as compared to the NJL model [37] and the LF holographic
model, (ii) h⊥1T 6= 0. The reason behind the difference in the observations lie in the
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Figure 2. (Color online) The transversely polarized quark TMDs h1(x,k
2
⊥), h
⊥
1L(x,k
2
⊥)
and h⊥1T (x,k
2
⊥) with respect to x at different value of k
2
⊥ (left panel), i.e., k
2
⊥ = 0.1 GeV
2
(solid curves) and k2⊥ = 0.2 GeV
2 (dashed curves). On the right panel, these TMDs are
shown with respect to k2⊥ at different values of x, i.e., x = 0.3 (solid curves) and x = 0.6
(dashed curves). The blue and red curves correspond to the light-front holographic model
and the light-front quark model predictions, respectively.
spin structure of the ρ-meson. In other words, the presence of the P-wave component
i.e. Lz = ±1 in the longitudinally polarized (Λ = L) and the D-wave component i.e.
Lz = ±2 in the transversely polarized (Λ = T ) ρ-meson wave functions in the LF
quark model are responsible for the asymmetry in g1T and h1 and the non-vanishing
h⊥1T . Further, the dominance of TMDs on the quark longitudinal momentum fraction
come to an end at the extended values of the quark transverse momentum and the
quark TMDs get vanished.
Further, in Fig. 3, we display the tensor-polarized TMDs designated for the
unpolarized quark. As discussed before, we plot these TMDs with respect to x at
the fixed values of k2⊥ (left panel) and vice versa (right panel). We observe that
f1LL has a positive peak at x = 0.5, and two negative peaks at lower (< 0.5) and
higher x (> 0.5) or equivalently, it has two zero crossings over x. For f1LL, there
– 14 –
(a)
k⊥2=0.1 GeV2 k⊥2=0.2 GeV2
0.0 0.2 0.4 0.6 0.8 1.0
-0.2
0.0
0.2
0.4
0.6
x
f 1
LL
(x,k ⊥2 )
[GeV
-2 ]
(b)
x=0.1
x=0.6
0.0 0.1 0.2 0.3 0.4 0.5
-3
-2
-1
0
k⊥2 [GeV2]
f 1
LL
(x,k ⊥2
)[Ge
V-2
]
(c)
0.0 0.2 0.4 0.6 0.8 1.0
-1.0
-0.5
0.0
0.5
1.0
x
f 1
LT
(x,k ⊥2 )
[GeV
-2 ]
(d)
0.0 0.1 0.2 0.3 0.4
-6
-4
-2
0
2
k⊥2 [GeV2]
f 1
LT
(x,k ⊥2
)[Ge
V-2
]
(e)
0.0 0.2 0.4 0.6 0.8 1.0
0.0
0.5
1.0
1.5
2.0
2.5
3.0
x
f 1
TT
(x,k ⊥2 )
[GeV
-2 ]
(f)
0.0 0.1 0.2 0.3 0.4
0
2
4
6
8
10
12
k⊥2 [GeV2]
f 1
TT
(x,k ⊥2
)[Ge
V-2
]
Figure 3. (Color online) The tensor-polarized TMDs f1LL(x,k
2
⊥), f1LT (x,k
2
⊥) and
f1TT (x,k
2
⊥) with respect to x at different value of k
2
⊥ (left panel), i.e., k
2
⊥ = 0.1 GeV
2
(solid curves) and k2⊥ = 0.2 GeV
2 (dashed curves). On the right panel, these TMDs are
shown with respect to k2⊥ at different values of x, i.e., x = 0.3 (solid curves) and x = 0.6
(dashed curves). The blue and red curves correspond to the light-front holographic model
and the light-front quark model predictions, respectively.
is no OAM transfer between the initial and final states as seen in the Eq. (3.25).
Basically, the positive contribution from the S-wave and the negative contributions
from the other wave compositions of the LFWFs cancel each other’s effect which
leads to the zero distribution at the crossing over points. The S-wave contribution
dominates at the central region of x, whereas at lower and higher x domains, the
other contributions rule over. However, with increasing k⊥, the effect of cancellation
decreases resulting in the small negative distribution peaks. f1LL shows symmetry
under x↔ (1− x). Further, f1LT is shown in the middle panel of Fig. 3. It vanishes
at x = 0.5 and exhibits the positive and the negative distributions at x > 0.5 and
x < 0.5, respectively. The overlap of f1LT , Eq. (3.26), is observed to transfer one unit
of OAM from the initial to the final states. In this case, the cancellation occurs due
to Lz = ±1 contributions. Lz = 0 component of the wave functions is always positive
– 15 –
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Figure 4. (Color online) Light-front holographic TMDs of the ρ-meson as a function of x
and k2⊥.
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in nature, however, according to Eq. (3.26), the difference in terms corresponding
to Lz = +1 and Lz = −1 brings zero into the picture. f1LT is anti-symmetric under
x ↔ (1 − x). The left over tensor-polarized TMD f1TT , shown in the lower panel
of Fig. 3, shows the sum of the overlaps providing the two units of OAM transfer
from the initial to the final states. Again, because of the different spin structure,
the tensor-polarized TMDs do not survive in the LF quark model. To understand x
and k2⊥ dependence together, the three-dimensional structure of the eight non-zero
TMDs in the LF holographic model is shown in Fig. 4. Similar behavior of all the
TMDs has also been observed in the NJL model [37].
Further, to compare our results with the available theoretical predictions, we
compute the k⊥ moments for several TMDs [37]
〈ka⊥〉TMD ≡
∫
dx d2k⊥|k⊥|aTMD(x,k2⊥)∫
dx d2k⊥TMD(x,k2⊥)
, (3.37)
where a represents the order of the moment. In Table 2, we compare our predictions
for the first and the second order k⊥ moments in the LF holographic model and the
LF quark model with the only available theoretical results from the NJL model [37].
We observe that except for g1L, our predictions are under estimated and they are
in more or less accord with the NJL model [37], however, the results in the LF
quark model are closer to the results predicted in the NJL model compared to the
LF holographic model. Our predictions for the moments of g1L differ significantly
from the NJL model. f1LL and f1LT are not shown in table, because in both the
LF models, the denominator of the k⊥ moment is evaluated to be zero for both
f1LL and f1LT TMDs. Similar observation has been made in NJL model. Also, the
moments corresponding to f1TT in the LF quark model are not filled up because the
denominator of Eq. (3.37) vanishes.
3.3 Positivity constraints
Let us now check the positivity constraints of our holographic TMDs for the ρ-meson.
For the spin-1 hadron, the TMDs satisfy the following relations [37, 39]:
f1(x,k
2
⊥) ≥ 0 , (3.38)
f 0(x,k2⊥) ≥ 0 ⇒ f1(x,k2⊥) ≥ −
2
3
f1LL(x,k
2
⊥) , (3.39)
f+(x,k2⊥) ≥ 0 ⇒ f1(x,k2⊥) + g1L(x,k2⊥) ≥
1
3
f1LL(x,k
2
⊥) , (3.40)
f−(x,k2⊥) ≥ 0 ⇒ f1(x,k2⊥)− g1L(x,k2⊥) ≥
1
3
f1LL(x,k
2
⊥) , (3.41)
f 0(x,k2⊥)f
+(x,k2⊥) ≥ 2|h1(x,k2⊥)|2 , (3.42)
f 0(x,k2⊥)f
+(x,k2⊥) ≥
k2⊥
2M2ρ
|g(+)1T (x,k2⊥)|2 , (3.43)
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LF holographic model LF quark model NJL model
TMDs (This work) (This work) [37]
〈k⊥〉 〈k2⊥〉 〈k⊥〉 〈k2⊥〉 〈k⊥〉 〈k2⊥〉
f1 0.238± 0.011 0.073± 0.007 0.328± 0.016 0.140± 0.013 0.32 0.13
g1L 0.204± 0.008 0.054± 0.004 0.269± 0.012 0.098± 0.009 0.08 -0.11
g1T 0.229± 0.010 0.077± 0.006 0.269± 0.012 0.098± 0.009 0.34 0.16
h1 0.229± 0.010 0.077± 0.006 0.307± 0.014 0.124± 0.011 0.34 0.16
h⊥1L 0.204± 0.008 0.054± 0.004 0.269± 0.012 0.098± 0.009 0.33 0.15
h⊥1T - - 0.237± 0.011 0.077± 0.007 - -
f1LL - - - - - -
f1LT - - - - - -
f1TT 0.211± 0.009 0.067± 0.005 - - 0.32 0.14
Table 2. The first moment 〈k⊥〉 [in GeV] and the second moment 〈k2⊥〉 [in GeV2] pre-
dictions corresponding to several ρ-meson TMDs are compared with NJL model results
[37]. The theory uncertainties result from the uncertainties in the constituent quark mass
mq = 0.33±0.03 GeV and the AdS/QCD scale κ = 0.523±0.024 GeV in the LF holographic
model whereas in the LF quark model, the values of the parameters are mq = 0.20± 0.02
GeV and β = 0.41± 0.02 GeV.
f 0(x,k2⊥)f
−(x,k2⊥) ≥
k2⊥
2M2ρ
|g(−)1T (x,k2⊥)|2 , (3.44)
f 0(x,k2⊥)f
−(x,k2⊥) ≥
k4⊥
2M4ρ
|h⊥1T (x,k2⊥)|2 , (3.45)
f+(x,k2⊥)f
−(x,k2⊥) ≥
k2⊥
M2ρ
|h⊥1L(x,k2⊥)|2 , (3.46)
f+(x,k2⊥)f
−(x,k2⊥) ≥
k4⊥
4M4ρ
|f1TT (x,k2⊥)|2 , (3.47)
3f1(x,k
2
⊥) ≥ f1LL(x,k2⊥) ≥ −
3
2
f1(x,k
2
⊥) , (3.48)
3
2
f1(x,k
2
⊥) ≥ f1(x,k2⊥)−
1
3
f1LL(x,k
2
⊥) ≥ g1L(x,k2⊥) , (3.49)
3
2
f1(x,k
2
⊥) ≥ f1(x,k2⊥) +
1
6
f1LL(x,k
2
⊥) ≥ h1(x,k2⊥) . (3.50)
Figs. 5 and 6 confirm that the different positivity constraints, defined in Eqs.
(3.39)-(3.47), are satisfied by our holographic TMDs for the ρ-meson. In Fig. 5, the
corresponding TMDs in each constraint equation are shown as a function of k2⊥ at
fixed x = 0.5, while Fig. 6 displays the constraint equations of TMDs as a function
of x for fixed k⊥ = 0.15 GeV.
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Figure 5. The positivity constraints on the holographic TMDs, plotted with respect to
k2⊥ at fixed x = 0.5.
4 Parton distribution functions
The PDFs encode the distribution of the longitudinal momentum and the polariza-
tion carried by the partons with no information on the parton intrinsic transverse
momentum k⊥. Therefore, one can retrieve the PDFs by integrating Eqs. (3.4)-(3.6)
over k⊥ [38, 41]:
〈γ+〉(Λ)S (x) ≡ f1(x) + SLL f1LL(x) , (4.1)
〈γ+γ5〉(Λ)S (x) ≡ SL g1(x) , (4.2)
〈γ+γiγ5〉(Λ)S (x) ≡ S i⊥h1(x) . (4.3)
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Figure 6. The positivity constraints on the holographic TMDs, plotted with respect to x
at fixed k⊥ = 0.15 GeV.
After integrating over the quark transverse momenta, the 6 × 6 light-front helicity
amplitudes matrix, Eq. (3.12), can then be parameterized by the leading-twist PDFs,
defined as [39]:
Φ(x) =
f1 + g1 − f1LL3 0 0 0
√
2h1 0
0 f1 +
2f1LL
3
0 0 0
√
2h1
0 0 f1 − g1 − f1LL3 0 0 0
0 0 0 f1 − g1 − f1LL3 0 0√
2h1 0 0 0 f1 +
2f1LL
3
0
0
√
2h1 0 0 0 f1 + g1 − f1LL3

,
(4.4)
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where the positivity constraints on the PDFs are generated as
f1(x) ≥ 0 , (4.5)
3f1(x) ≥ f1LL(x) ≥ −3
2
f1(x) , (4.6)
3
2
f1(x) ≥ f1(x)− 1
3
f1LL(x) ≥ |g1(x)| , (4.7)(
f1(x) +
2
3
f1LL(x)
)(
f1(x) + g1(x)− 1
3
f1LL(x)
)
≥ 2|h1(x)|2 . (4.8)
In Fig. 7, we show the behavior of the leading-twist PDFs of ρ-meson namely,
the unpolarized distribution f1(x), the helicity distribution g1(x), the transversity
distributon h1(x), and the tensor polarized distribution f1LL(x) with respect to the
longitudinal momentum fraction carried by the quark. We compare our results in the
LF holographic model as well as in the LF quark model with the predictions of NJL
model [37]. We obtain the holographic PDFs by integrating out k⊥ of the TMDs
f1(x,k
2
⊥), g1L(x,k
2
⊥), h1(x,k
2
⊥) and f1LL(x,k
2
⊥) given in Eqs. (3.28), (3.29), (3.31)
and (3.34) respectively, while in the LF quark model, the corresponding TMDs are
evaluated in Eqs. (A.17), (A.18), and (A.23). Overall, the qualitative behavior of the
holographic PDFs and ones in the LF quark model are consistent with the predictions
in the NJL model [37]. The tensor-polarized PDF f1LL being an important quantity,
related to b1 structure function [26], vanishes in the LF quark model, whereas the
holographic f1LL is in more or less agreement with the one in the NJL model [37],
within the range 0.1 < x < 0.9. However, it differs significantly when x → {0, 1}.
f1LL has been measured by HERA for the deutron, spin-1 target [35]. In Fig. 8, we
illustrate that our holographic PDFs also satisfy the positivity constraints mentioned
in Eqs. (4.5)-(4.8).
Further, at the model scale, the following sum rules are satisfied by our PDFs,∫ 1
0
dx f1(x) = 1 , (4.9)
∫ 1
0
dx x f1(x) +
∫ 1
0
dx (1− x) f1(x) = 1 , (4.10)∫ 1
0
dx f1LL(x) = 0 ;
∫ 1
0
dx x f1LL(x) = 0 . (4.11)
5 Spin densities in the momentum space
The TMDs can be interpreted as the quark densities inside the hadron. One can
define the quark momentum distributions inside the target with the different polar-
ization combinations via TMDs. The spin densities describe the correlation between
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Figure 7. Left panel: The PDFs: f1(x), g1L(x), h1(x) and f1LL(x) as functions of x.
Right panel: The PDFs multiplied by x, i.e., xf1(x), xg1L(x), xh1(x) and xf1LL(x) are
plotted with respect to x. The solid-blue and dashed-red curves represent the results
evaluated in the LF holographic model and the LF quark model, respectively. Our results
are compared with the predictions of the NJL model (dotted-green curves) [37]
the quark and the target spins. Following Eqs. (3.4)-(3.6), we define the quark spin
densities in the momentum space for the spin-1 target as,
ρ (x, kx, ky, (λ,λ⊥), (Λ,Λ⊥)) = f1 + λΛg1L + λΛi⊥
ki⊥
Mρ
g1T + λ
i
⊥Λ
i
⊥h1 + λ
i
⊥Λ
ki⊥
Mρ
h⊥1L
+(3λ2 − 2)
((
1
6
− 1
2
Λ2
)
f1LL + ΛΛ
i
⊥
ki⊥
Mρ
f1LT
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Figure 8. Several positivity constraints on PDFs plotted with respect to x.
+
(
Λi⊥Λ
j
⊥ −
1
2
Λ2⊥δ
ij
)
ki⊥k
j
⊥
M2ρ
f1TT
)
. (5.1)
Here λ and Λ correspond to the quark and the target spins in the longitudinal
direction. Note that in this Section, λ and Λ denote different quantities from the
previous sections. The configurations for these two can be λ =↑, ↓ (or +1,-1) and
Λ =↑, ↓ (or +1,-1). λ⊥ =⇑,⇓ (or +1,-1) and Λ⊥ =⇑,⇓ (or +1,-1) symbolize the
transverse spins of the quark and the target ρ-meson, respectively. Here, we consider
the transverse polarization to be along x-direction. Depending on the different spin
directions of the quark and the ρ-meson, we predict the various spin correlations,
which are discussed below.
We integrate out the longitudinal momentum fraction x to get all the spin densi-
ties in the transverse momentum plane. In Fig. 9, we show the spin densities in the
transverse momentum plane by considering the different polarization configurations
of the quark and the ρ-meson in the longitudinal direction. ρ↑↑ = f1 − 13f1LL + g1L
and ρ↑↓ = f1 − 13f1LL − g1L designated to λ = Λ =↑ and λ =↑,Λ =↓ are explained
in Figs. 9(b) and 9(c), respectively. In view of ρ↑↑, one can observe the probability
of finding the quark in the ρ-meson with the spin aligned to the spin of the com-
posite system, while ρ↑↓ explains the probability when both spins are anti-aligned.
ρ↑↑(kx, ky) and ρ↑↓(kx, ky), allow only those overlap configurations of LFWFs, which
display the effect of only two wave contributions out of three. ρ↑↑ has the contri-
butions from the squared of the wave functions which describe the S-wave and the
P-wave separation, while ρ↑↓ can be obtained from the squared of the P-wave and
the D-wave components. In other words, no OAM transfer occur between the initial
and the final states in these cases. Also, both the densities ρ↑↑ and ρ↑↓ are axially
symmetric. However, due to constructive interference between f1 and g1L in ρ↑↑,
much larger magnitude has been observed as compared to ρ↑↓, where f1 and g1L
appear with the opposite signs. To shed light on the transverse spin densities, let us
consider λ⊥ = Λ⊥ =⇑ and λ⊥ =⇑,Λ⊥ =⇓ shown in Figs. 9(d) and 9(e) respectively,
indicated by ρ⇑⇑ = f1− k
2
⊥
M2ρ
f1TT +h1 and ρ⇑⇓ = f1− k
2
⊥
M2ρ
f1TT−h1. These spin densities
are the mixture of zero and two units of OAM transfer overlap terms. These are also
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Figure 9. (Color online) Quark density plots for f1(kx, ky)(upper panel); ρ↑↑(kx, ky),
ρ↑↓(kx, ky) (middle panel) and ρ⇑⇑(kx, ky), ρ⇑⇓(kx, ky) (lower panel) in the momentum
plane. The gray colored vacant small and large circles (upper right corner) corresponds to
both quark and the ρ-meson being unpolarized. The dot and cross inside the circles denote
the longitudinal polarization in same and opposite directions respectively. The arrow along
upward and downward directions symbolize the transverse polarization of the quark and
the ρ-meson.
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Figure 10. (Color online) Quark density plots for ρ↑⇑(kx, ky), ρ↑⇓(kx, ky)(upper panel) and
ρ⇑↑(kx, ky), ρ⇑⇓(kx, ky) (lower panel) in the momentum plane. The gray colored small and
large circles (upper right or left corner) with dot and cross inside, denote the longitudinal
polarization in same and opposite directions respectively. The arrow along upward and
downward directions symbolize the transverse polarization of the quark and the ρ-meson.
axially symmetric. Due to a similar reason mentioned in the case of the longitudinal
spin densities, ρ⇑⇑ dominates over ρ⇑⇓.
The distorting effects are observed in ρ↑⇑(↑⇓) and ρ⇑↑(⇑↓) as shown in Fig. 10.
ρ↑⇑(↑⇓) spin densities come into the picture when the spin directions of the quark and
the ρ-meson are longitudinal and transverse respectively, i.e. λ =↑,Λ⊥ =⇑ (⇓). To
describe ρ⇑↑(⇑↓), the spin directions λ⊥ =⇑,Λ =↑ (↓) are considered. We observe
that the distortion effect takes place with these considerations because of the terms
kx
Mρ
g1T in ρ↑⇑(↑⇓)(= f1 ± kxMρ g1T ) and kxMρh⊥1L in ρ⇑↑(⇑↓)(= f1 ± kxMρh⊥1L). In these cases,
the densities feature a significant dipole deformation along x-direction arising due to
the terms mentioned above, while the f1 is stick to the monopole effect. These terms
lead to the distortion in the plots when implemented together. One can also notice
that the distortion of the longitudinally-polarized quark in the transversely-polarized
target is opposite to that of the transversely-polarized quark in the longitudinally
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polarized target. The reason is that g1T is positive, while h
⊥
1L is negative for ρ-meson.
6 Conclusions
In this work, we have presented the leading-twist TMDs for the ρ-meson in the
LF holographic model where the dynamical spin effect has been taken into account
in the wave functions. The TMDs have been analyzed by practising the overlap
representation of the light-front wave functions in the constituent valence quark Fock
space via the model independent overlap forms of the different light-front amplitudes.
We have compared the holographic predictions with the distributions evaluated in
the LF quark model, which contains a different spin structure from that in the LF
holographic model.
We have observed that the TMDs f1, g1L, g1T , h1, and h
⊥
1L show a quite similar
behavior in both the light-front models. However, the holographic h⊥1T TMD vanishes
and shows the negative distribution in the LF quark model. On the other hand, the
tensor polarized TMDs, f1LL, f1LT and f1TT in the LF quark model appear to be zero
but nonzero in the LF holographic model, where f1LL and f1TT exhibit symmetry
and f1LT shows anti-symmetry under x ↔ (1 − x). Nevertheless, our holographic
predictions on all the TMDs have been found consistent with the previous finding in
the NJL model [37]. All the TMDs satisfy the necessary positivity constraints [37, 39].
We have also presented first two moments, 〈k⊥〉 and 〈k2⊥〉, of various TMDs, which
are comparable with the available predictions of the NJL model.
Next, we have evaluated the four survived PDFs for the ρ-meson, namely, the
unpolarized f1, the helicity g1, the transversity h1 and the tensor f1LL PDFs. We have
again compared our results in the LF holographic and the LF quark models with the
available NJL model predictions and observed the qualitative agreement between
our results (except f1LL in the LF quark model) and the NJL model predictions.
The PDF f1LL, which requires the tensor polarization of the meson, is an important
measurable quantity, vanishes in the LF quark model.
We have also studied the spin densities in the transverse momentum plane of
the quark inside the ρ-meson with the different polarization configurations. The
distributions for both the quark and the target polarized in the longitudinal or in the
transverse directions have been found to be axially symmetric. Meanwhile, we have
observed the dipolar distortions on top of the unpolarized symmetric distribution
when the quark is longitudinally polarized and the target is transversely polarized,
or vice-versa. The distortions have been found to be opposite for the longitudinal-
transverse and the transverse-longitudinal polarization configurations of the quark
and the ρ-meson.
For further investigation, the future developments should focus on the inclusion
of the nontrivial gauge link that will provide a prediction of the various T-odd ρ-
meson TMDs. The presented results in this study together with other theoretical
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predictions on the TMDs and the PDFs may help the experimental groups to measure
these distributions for the ρ-meson. Any experimental data on these distributions
and the comparison with the theoretical predictions can help one to gain the valuable
knowledge on the internal structure of the ρ-meson.
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A Light-front quark model
The complete light-front wave function is accomplished by appraising the spin and
the momentum wave functions i.e. χ and ψ depending upon the spin projections of
the ρ-meson, Λ, [45, 46]:
ΨΛhq ,hq¯(x,k⊥) = χ
Λ
hq ,hq¯(x,k⊥)ψ(x,k
2
⊥), (A.1)
with ∑
hq ,hq¯
χΛ∗hq ,hq¯(x,k⊥)χ
Λ
hq ,hq¯(x,k⊥) = 1. (A.2)
According to the Brodsky-Huang-Lepage (BHL) prescription, the momentum wave
function is written as
ψ(x,k2⊥) = N exp
[
− k
2
⊥ +m
2
q
8β2x(1− x)
]
. (A.3)
The spin part of the wave function is provided by relating the spin states transforming
from the instant form to the light-front form by using the Melosh-Wigner method.
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For Λ = T (+) with the quark and the antiquark helicities being hq and hq¯, we have
χ
T (+)
+,+ (x,k⊥) =
mq(M+ 2m) + k2⊥
(M+ 2mq)
√
k2⊥ +m2q
, (A.4)
χ
T (+)
+,− (x,k⊥) =
(xM+mq) kR
(M+ 2mq)
√
k2⊥ +m2q
, (A.5)
χ
T (+)
−,+ (x,k⊥) = −
((1− x)M+mq) kR
(M+ 2mq)
√
k2⊥ +m2q
, (A.6)
χ
T (+)
−,− (x,k⊥) = −
k2R
(M+ 2mq)
√
k2⊥ +m2q
, (A.7)
for Λ = L,
χL+,+(x,k⊥) =
(1− 2x)MkL
(M+ 2mq)
√
2
(
k2⊥ +m2q
) , (A.8)
χL+,−(x,k⊥) =
mq(M+ 2mq) + 2k2⊥
(M+ 2mq)
√
2
(
k2⊥ +m2q
) , (A.9)
χL−,+(x,k⊥) =
mq(M+ 2mq) + 2k2⊥
(M+ 2mq)
√
2 (k2⊥ +m2)
, (A.10)
χL−,−(x,k⊥) = −
(1− 2x)MkR
(M+ 2mq)
√
2
(
k2⊥ +m2q
) , (A.11)
for Λ = T (−)
χ
T (−)
+,+ (x,k⊥) = −
k2L
(M+ 2mq)
√
k2⊥ +m2q
, (A.12)
χ
T (−)
+,− (x,k⊥) =
((1− x)M+mq) kL
(M+ 2mq)
√
k2⊥ +m2q
, (A.13)
χ
T (−)
−,+ (x,k⊥) = −
(xM+mq) kL
(M+ 2mq)
√
k2⊥ +m2q
, (A.14)
χ
T (−)
−,− (x,k⊥) =
mq(M+ 2mq) + k2⊥
(M+ 2mq)
√
k2⊥ +m2q
, (A.15)
where
M =
√
k2⊥ +m2q
x(1− x) . (A.16)
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Following Eqs. (3.19)-(3.27), the explicit expressions of TMDs in LF quark model
are given by
f1(x,k
2
⊥) =
1
3(2pi)3
(
1
2
(
3 (mq (M+ 2mq))2 + (1− 2x)2M2k2⊥
)
+4k2⊥
(
mq(M+ 2mq) + k2⊥
)
+k2⊥
(
2mq(M+mq) + (1− 2x+ 2x2)M2
)) |ψ(x,k2⊥)|2
ω2
, (A.17)
g1L(x,k
2
⊥) =
1
2(2pi)3
(
mq(M+ 2mq)
(
mq(M+ 2mq) + 2k2⊥
)
−M(M+ 2mq)(1− 2x)
) |ψ(x,k2⊥)|2
ω2
, (A.18)
g1T (x,k
2
⊥) =
Mρ
2(2pi)3
(M+ 2mq)
(
mqM(1− 2x) +
(
mq(M+ 2mq) + 2k2⊥
))
×|ψ(x,k
2
⊥)|2
ω2
, (A.19)
h1(x,k
2
⊥) =
1
2(2pi)3
( (
mq(M+ 2mq) + 2k2⊥
) (
mq(M+ 2mq) + k2⊥
)
−M(xM+mq)(1− 2x)k2⊥
) |ψ(x,k2⊥)|2
ω2
, (A.20)
h⊥1L(x,k
2
⊥) = −
Mρ
(2pi)3
(M+ 2mq)
(
mq ((1− x)M+mq) + k2⊥
) |ψ(x,k2⊥)|2
ω2
,
(A.21)
h⊥1T (x,k
2
⊥) = −
M2ρ
(2pi)3
(M ((1− x)M+mq) (1− 2x) + (mq(M+ 2mq) + 2k2⊥))
×|ψ(x,k
2
⊥)|2
ω2
, (A.22)
f1LL(x,k
2
⊥) = 0 , (A.23)
f1LT (x,k
2
⊥) = 0 , (A.24)
f1TT (x,k
2
⊥) =
M2ρ
(2pi)3
(M2x(1− x)− (k2⊥ +m2q)) |ψ(x,k2⊥)|2ω2 , (A.25)
with
ω = (M+ 2mq)
√
k2⊥ +m2q , (A.26)
where M and ψ(x,k2⊥) are defined in Eqs. (A.16) and (A.3) respectively. To find
the numerical results, we use the quark mass and β parameter as: mq = 0.2 GeV
and β = 0.41 GeV respectively [45].
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B Density matrix description of spin-1 hadron
The spin density matrix ρ(S) of spin-J is totally related to the tensor matrices
of 2J rank. The spin-1 matrices correspond to three cartesian and six traceless
and symmetric tensor matrices denoted by Σi and Σij
(
= 1
2
(ΣiΣj + ΣjΣi)− 2
3
δijI
)
respectively, which are given by
Σx =
1√
2
 0 1 01 0 1
0 1 0
 ,Σy = 1√
2
 0 −ι 0ι 0 −ι
0 ι 0
 ,Σz =
 1 0 00 0 0
0 0 −1
 , (B.1)
Σxx =
1
6
−1 0 30 2 0
3 0 −1
 ,Σxy = 1
2
 0 0 −ι0 0 0
ι 0 0
 ,Σxz = 1
2
√
2
 0 1 01 0 −1
0 −1 0
 ,(B.2)
Σyy =
1
6
−1 0 −30 2 0
−3 0 −1
 ,Σyz = 1
2
√
2
 0 −ι 0ι 0 ι
0 −ι 0
 ,Σzz = 1
3
 1 0 00 −2 0
0 0 1
 .(B.3)
Now, the spin density matrix ρ(S) is expressed as
ρ(S) = 1
3
(
1 +
3
2
ΣiS i + 3 ΣijT ij
)
, (B.4)
with
S = (SxT ,SyT ,SL) , (B.5)
and
T ij =
1
2

SxxTT + SLL SxyTT SxLT
SyxTT SyyTT + SLL SyLT
SxLT SyLT −2SLL
 , (B.6)
where SyyTT = −SxxTT and SxyLT = SyxLT . Therefore, from Eq. (B.4)
ρ(S) =

1
3
− SLL
2
+ SL
2
SxLT−ιSyLT
2
√
2
+
SxT−ιSyT
2
√
2
SxxTT−SyyTT−2ιSxyTT
4
SxLT+ιSyLT
2
√
2
+
SxT+ιSyT
2
√
2
1
3
+ SLL −S
x
LT−ιSyLT
2
√
2
+
SxT−ιSyT
2
√
2
SxxTT−SyyTT+2ιSxyTT
4
−SxLT+ιS
y
LT
2
√
2
+
SxT+ιSyT
2
√
2
1
3
− SLL
2
− SL
2
 (B.7)
with
−1 ≤ SL ≤ 1, − 1
3
≤ SLL ≤ 2
3
. (B.8)
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